Temporal changes in the Earth's magnetic field, known as geomagnetic secular variation, occur most prominently at low latitudes in the Atlantic hemisphere 1, 2 (that is, from 290 degrees east to 90 degrees east), whereas in the Pacific hemisphere there is comparatively little activity. This is a consequence of the geographical localization of intense, westward drifting, equatorial magnetic flux patches at the core surface 3 . Despite successes in explaining the morphology of the geomagnetic field 4 , numerical models of the geodynamo have so far failed to account systematically for this striking pattern of geomagnetic secular variation. Here we show that it can be reproduced provided that two mechanisms relying on the inner core are jointly considered. First, gravitational coupling 5 aligns the inner core with the mantle, forcing the flow of liquid metal in the outer core into a giant, westward drifting, sheet-like gyre 6 . The resulting shear concentrates azimuthal magnetic flux at low latitudes close to the core-mantle boundary, where it is expelled by core convection and subsequently transported westward. Second, differential innercore growth 7, 8 , fastest below Indonesia 6, 9 , causes an asymmetric buoyancy release in the outer core which in turn distorts the gyre, forcing it to become eccentric, in agreement with recent core flow inversions 6, 10, 11 . This bottom-up heterogeneous driving of core convection dominates top-down driving from mantle thermal heterogeneities, and localizes magnetic variations in a longitudinal sector centred beneath the Atlantic, where the eccentric gyre reaches the core surface. To match the observed pattern of geomagnetic secular variation, the solid material forming the inner core must now be in a state of differential growth rather than one of growth and melting induced by convective translation 7, 8 . The peculiar geographical localization (both in latitude and longitude, Fig. 1a and b, respectively) of geomagnetic secular variation observed during the historical era 1 (AD 1590 (AD -1990 ) has now been mapped to an unprecedented level of accuracy by virtue of more than one decade of global and continuous satellite magnetic observations. Recent models [12] [13] [14] benefit from improved removal of the contribution from external fields, and are now reliably able to resolve structures down to a 1,500-km lateral extent at the Earth's core-mantle boundary (spherical harmonic degree 13, Fig. 2a, b) . To exploit this wealth of data fully, and uncover the dynamical processes operating in the Earth's core, it is necessary to combine magnetic observations with numerical models of the geodynamo 15 . These have steadily improved over the past two decades, with the standard models now well understood, thanks to concerted benchmarking activities and systematic exploration of the accessible parameter space 16 . Despite this progress, success in understanding the geomagnetic secular variation and predicting its future evolution remains conditional on our ability to explain its detailed structure with physical mechanisms simple and robust enough to withstand extrapolation from the simplified working regime of current models to the conditions of Earth's core. An outstanding difficulty for standard models has been how to reproduce the westward drift of low-latitude magnetic flux patches at the core-mantle boundary 3, 14 in a self-consistent fashion. Quasi-steady westward drift has previously been obtained [17] [18] [19] , but it becomes erratic 16 in models where magnetic field advection becomes realistically strong relative to diffusion. Furthermore, the Atlantic-Pacific asymmetry in the kinematics of these patches suggests some form of heterogeneous boundary control 6 . The combined effect on secular variation of top-down forcing from lowermantle thermal anomalies 20 versus bottom-up forcing from the recently discovered inner-core translational instability 7, 8 has remained unexplored. Our coupled Earth numerical dynamo model (Methods) addresses these issues by building on the well understood basis of standard geodynamo models 16 and including some simple ingredients from early and evaluated at the core-mantle boundary), from 400-year time-averages successively taken within a 83,000-year sequence of a standard numerical dynamo model (dotted blue line, average profile; blue shading, 61 s.d. in the distribution of 400-year time averages), and within a 67,000-year sequence of our coupled Earth dynamo model (black line, average profile; grey shading, 61 s.d. in the distribution of 400-year time averages). The numerical dynamo outputs are filtered at spherical harmonic degree and order 8, and the gufm1 model is presented at native resolution. The standard model has rigid, electrically insulating and non-moving boundaries. The coupled Earth dynamo model includes visco-magnetic outer-core/inner-core coupling, gravitational inner-core/mantle coupling, and thermochemical, heterogeneous coupling between the outer core, inner core and mantle. modelling efforts 17, 21, 22 that have recently been neglected. A field morphology similar to that of the Earth 4 ( Fig. 2 and Extended Data Fig. 1 ) is achieved by choosing ratios of the timescales for magnetic induction, magnetic diffusion and the length of the day as close as computationally feasible to their Earth counterparts. We compromise on the ratio of the length of the day to the viscous diffusion timescale (the Ekman number, Ek), which, although low, lies an order of magnitude above state-of-the art values 18, 19 , in order to facilitate a parameter space exploration (Supplementary Information and Extended Data Table 1 ). The influence of viscosity is further mitigated by adopting a stress-free mechanical condition at the core-mantle boundary.
Robust westward drift and time-dependence of low-latitude secular variation similar to that observed over the past 400 years are achieved in the coupled Earth dynamo model through a mechanism based on indirect exchanges of angular momentum between the outer core and the mantle via the inner core. The inner core couples with the outer core primarily through a magnetic torque, which dominates at the Ekman number studied. At the base of the outer core, thermochemical 'winds' resulting from the interaction of the Coriolis force with convective upwellings entrain the inner core in the eastward direction 21, 23 with respect to the planetary rotating frame. But a gravitational torque 5, [22] [23] [24] , resulting from coupling between lower-mantle mass anomalies and the induced topography at the inner-core surface, transfers angular momentum between the inner core and mantle. In a situation where it only experiences this gravitational torque, the mantle is then also entrained in the eastward direction. Conservation of angular momentum in the planetary rotating frame then requires a sustained westward flow (see below) with respect to the mantle in the uppermost part of the outer core 6, 22 . Both the gravitational torque and the net torque exerted by the outer core on the inner core vanish when averaged over time (Methods). This leads to long-term co-rotation between the mantle, inner core and lower outer core, with thermochemical wind gradients maintaining the westward drift in the upper outer core. For a given convective forcing, this drift is maximized if direct coupling between the outer core and the mantle is much weaker than indirect coupling via the inner core, as is the case in the coupled Earth dynamo model. 
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Heterogeneous thermochemical boundary coupling is also included in the coupled Earth dynamo model. We adopt fixed-flux-type 18 conditions for the thermochemical buoyancy both at the core-mantle boundary (where lower-mantle thermal anomalies significantly affect the geodynamo 9, 20, 25 ) and at the inner-core boundary (where solid translation of the inner core 7, 8 can spatially modulate the inner-core growth rate, with equally important consequences 6, 26, 27 ). At the core-mantle boundary, a mass anomaly flux pattern 9 derived from lower-mantle seismic tomography 28 is superimposed on a vanishing homogeneous flux. This represents a situation where the upper outer core is neutrally stratified (although our results are robust against a possible stable stratification 29, 30 , Supplementary Information). At the inner-core boundary, we prescribe a longitudinal hemispheric modulation of mass anomaly release related to inner-core translation. The maximum outward flux is located beneath Indonesia, in resonance with the heterogeneous mantle forcing 9 , and as suggested by earlier investigations 6 . Inner-core translation thus proceeds from east to west, opposite to inferences 7 based on upper inner-core seismic texturing. The latter interpretation is however not applicable here according to a parameter space exploration of our model (Supplementary Information and Extended Data Figs 2, 3) , which favours ). Grey arrow heads mark the general flow circulation and the twist of the ribbons is proportional to the local vorticity. The inner-core boundary is colour-coded with the amplitude of the hemispherical modulation in mass anomaly release (red corresponds to excess buoyancy). c, Magnetic field line (grey) representations of the internal magnetic structure (same viewing angles as b). The field line thickness is proportional to the local magnetic energy density in the shell. Inner and outer boundaries are colour-coded with the amplitude of the unfiltered radial magnetic field (orange is outward, outer boundary is selectively transparent, maxima are 4 mT at the core-mantle boundary and 7 mT at the inner-core boundary). The model snapshot is taken at the same time as in Fig. 2 (which is time 0 in Fig. 3) , with white arrows marking the reference location introduced in these figures.
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an inner-core translation slower than its mean growth rate. The upper inner-core seismic properties may thus be dominated by solidification texturing 9 rather than texturing induced by the slow ageing of translating iron grains.
By including these elements, the coupled Earth dynamo model is able to produce magnetic variations that are dominated by the emergence of intense, westward-drifting, equatorial flux patches of normal (the same as the ambient) polarity under the Atlantic hemisphere (Supplementary Video). The temporal sequence of emergence, drift and diffusion of these patches agrees between the model and Earth by virtue of the realistic ratio between magnetic induction and diffusion timescales. The associated distribution of average secular variation energy (Fig. 1) quantitatively reproduces the longitudinal and latitudinal localizations of geomagnetic secular variation which standard geodynamo models fail to manage. We find (Extended Data Fig. 4 ) that latitudinal localization results primarily from the introduction of inner-core/mantle gravitational coupling, whereas longitudinal localization is mainly a consequence of heterogeneous thermochemical coupling between the inner and outer core. Control from the heterogeneous mantle has a secondary effect (Supplementary Information), operating constructively with the inner-core control to promote low secular variation in the Pacific 20 . The instantaneous field and secular variation at the coremantle boundary exhibit detailed (Fig. 2c, d ) and quantitative (Extended Data Fig. 1 ) agreement with present-day geomagnetic maps derived from high-resolution satellite data (Fig. 2a, b) . A time-longitude plot of the evolution of radial magnetic field at the Equator from the coupled Earth dynamo model (Fig. 3a) closely resembles that obtained during the past 400 years (ref. 1; Fig. 3b) , with intense patches coherently moving westwards through much of the Atlantic hemisphere, while in the Pacific hemisphere significantly weaker patches undergo slower westward drift with occasional standing and eastward-drifting phases (see also Supplementary Video). The peak of azimuthally moving power (Extended Data Fig. 5 ) is reached at the Equator, with a coherent westward drift at 14 km yr 21 , comparable to the observed speeds 3 of 17 km yr
21
. In contrast, the standard dynamo model of Fig. 1 yields a weak and erratic drift at low latitudes with a small amount of power moving slowly eastwards.
The longitudinal localization of magnetic variations in the coupled Earth dynamo model is underlain by a fluid flow (Fig. 4a, b) that agrees remarkably well with recent observation-based inferences of the core flow 6, 10, 11 . This enables a new, dynamically consistent, interpretation of the physical processes underlying such kinematic flow maps. The gyre driving the westward drift has a sheet-like structure with invariance along the Earth's rotation axis. It produces significant shear at low latitudes close to the core-mantle boundary, concentrating energetic azimuthal magnetic field lines in this region (Fig. 4c) . The outer-core upwelling pattern caused by the inner-core hemispherical driving distorts the gyre into an eccentric path that reaches the core-mantle boundary beneath the Atlantic. Expulsion of azimuthal magnetic flux by columnar convection is thus strongest at this location and forms intense radial magnetic flux patches which are subsequently swept westwards by the background flow. The gyre itself is advected westwards, quasiperiodically entering into resonance with the buoyancy heterogeneity of the inner-core boundary. Its shape thus modulates between more eccentric (for example, time 0 in Fig. 3 , and Figs 2 and 4) and less eccentric phases with weaker westward drift and magnetic patches more evenly distributed in longitude (for example, time 1,400 in Fig. 3) . Assuming that the geodynamo is currently in a phase of more intense gyre eccentricity, our results thus indicate that advection by a planetary-scale thermochemical wind is the origin of low-latitude geomagnetic secular variation. The mechanisms identified in the coupled Earth dynamo model are generic processes related to boundary coupling and involve a competition between the Coriolis, buoyancy and magnetic forces. As realistic relative proportions of these forces are maintained in the simulation over the centennial timescale range relevant for the convective processes (Supplementary Information), these mechanisms should continue to operate in the regime of the Earth's core.
Immediate implications of our findings include the possibility of formulating a data assimilation framework based on a numerical dynamo that includes such boundary couplings. A dynamically consistent prediction of the future geomagnetic field evolution is in sight, and improved knowledge of the past of the core may be accessible through the reanalysis of historical and archaeomagnetic field data 15 . Our results also invite a re-evaluation of the possible strength of inner-core translation with respect to its homogeneous growth. Strong heterogeneous forcing from the inner core is in contradiction with observed geomagnetic secular variation, as it leads to core surface flows and magnetic structures with the reverse drift direction (Extended Data Fig. 3 ).
METHODS SUMMARY
We solve 31 for Boussinesq convection, thermochemical buoyancy transport and magnetic induction in a system with constant axial rotation at a rate V (defining the planetary rotating frame), comprising a spherical fluid shell between radii r i and r o (r i /r o 5 0.35), a solid inner core of radius r i with the same electrical conductivity as the fluid shell, and an insulating solid shell representing the mantle between radii r o and 1.83r o . The inner-core boundary is of a no-slip, electrically conducting type, and axially rotates at a rate V i under the combined influence of viscous, gravitational and magnetic torques 23 . The core-mantle boundary is of a free-slip, electrically insulating type and axially rotates at a rate V m under the influence of the gravitational torque. The gravitational torque on the inner core due to the mantle is given by 22, 23 
, where Ct 5 2.9 3 10 20 N m yr, C being the gravitational coupling constant and t the viscous relaxation time of the inner core. The inner-core boundary mass anomaly flux is fixed in the frame rotating with the mantle, with a homogeneous contribution f and a longitudinally hemispherical heterogeneity Df 5 0.8f maximal 6 at longitude 90u E. The coremantle boundary mass anomaly flux is fixed in the frame rotating with the mantle, with a vanishing homogeneous contribution and an heterogeneous pattern 9 derived from lower-mantle seismic tomography 28 , of peak-to-peak amplitude Df o 5 0.115f. The Ekman number is set to Ek 5 n/VD 2 5 3 3 10 25 (here n is the fluid viscosity and D 5 r o 2 r i is the fluid shell depth). The mass anomaly flux Rayleigh number is Ra F 5 g o f/rV 3 D 2 5 9.3 3 10 25 (here g o is the gravity at the core-mantle boundary and r is the fluid density). The ratios between the fluid viscosity, thermal diffusivity k and magnetic diffusivity l are set to Pr 5 n/k 5 1 and Pr m 5 n/l 5 2.5 (here Pr and Pr m are respectively the Prandtl number and the magnetic Prandtl number). The non-dimensional model output is rescaled to the dimensional world using scaling principles thought to hold in both model and Earth: secular variation time scaling 32 and convective-power-based magnetic field scaling 33 .
Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
Model description. The model solves for Boussinesq convection, thermochemical buoyancy transport and magnetic induction in the magnetohydrodynamic approximation in an electrically conducting spherical fluid shell with inner and outer radii r i and r o (in constant ratio r i /r o 5 0.35, as in the present Earth's core aspect ratio; equations are described in ref. 31) . This fluid shell is coupled to a solid inner core of radius r i with the same electrical conductivity as the fluid shell, itself coupled to an insulating solid spherical shell between radii r o and 1.83r o representing the mantle. The whole system has a constant axial rotation rate V defining the planetary rotating frame, such that: ; V i , V oc and V m are respectively the solid body rotation rates of the inner core, the fluid outer core and the mantle. Electrically conducting and no-slip boundary conditions are adopted at the inner-core boundary, which rotates axially under the combined influence of viscous, gravitational and magnetic torques. Our implementation of inner-core rotation and torques follows that of ref.
23 except for the fact that the mantle also rotates axially. For angular rotations occurring on timescales longer than the viscous relaxation time t of the inner core, the gravitational torque on the inner core due to the mantle is then given by
where C is the gravitational coupling constant. The product Ct is set to the value 2.9 3 10 20 N m yr, obtained by comparing the recent core-originated variations in the length of the day with predictions 6 from inverted core flows using our numerical dynamo model as a statistical prior (Extended Data Fig. 2 ). Electrically insulating and free-slip boundary conditions are adopted at the axially rotating core-mantle boundary. The evolution equation for V m then gives:
The angular momentum conservation in the coupled core-mantle-inner-core system identically follows from this formulation. Our choice to ignore direct coupling between the outer core and the mantle implies vanishing long-term gravitational torque and steady inner-core differential rotation (V i 2 V m 5 0 averaged over time) relative to the mantle from equations (2) and (3). Relative to the planetary rotating frame, the outer-core westward drift (negative V oc 2 V) obtained in steady-state is compensated by a weak permanent eastward rotation (positive V m 2 V) of the mantle and inner core. This latter rotation can be cancelled by choosing a new frame of reference in which all the present results are expressed. The long-term torque exerted by the outer core on the inner core also vanishes as it balances the long-term gravitational torque. Boundary conditions for buoyancy. The mass anomaly flux at the inner-core boundary is fixed, with an homogeneous flux per unit surface f and a longitudinal hemispheric heterogeneity with peak-to-peak magnitude Df 5 0.8f, the maximum of which is kept at a fixed longitude 90u E relative to the mantle 6 . This is a reasonable simplification as the angular shift between the inner core and the mantle never exceeds 5u in the simulation. The mass anomaly flux at the core-mantle boundary is fixed in the frame rotating with the mantle, with a vanishing homogeneous component and an heterogeneous pattern derived from lower-mantle seismic tomography 28 (same pattern as in ref. 9). A volumetric buoyancy sink term is present in the Boussinesq thermochemical transport equation 31 in order to ensure mass conservation. The peak-to-peak amplitude Df o of the core-mantle boundary heterogeneity is chosen such that the corresponding heat flow heterogeneity amplitude is Dq 5 1.5q ad (this probably overestimates the influence of the mantle, see Supplementary Information), where q ad is the core-mantle boundary adiabatic heat flow per unit surface. Balancing the rate of dissipation with the perfect-mixing gravitational energy release 31 yields, in a situation without core radioactive heating: (here g o is the gravity at the core-mantle boundary and r is the fluid density). The Prandtl and magnetic Prandtl ratios between the fluid viscosity, thermal and magnetic diffusivities k, l are set to Pr 5 n/k 5 1 and Pr m 5 n/l 5 2.5. With such parameters, the model produces a non-reversing magnetic field with Earth-like morphology 4 . The numerical implementation decomposes the fields in spherical harmonics up to degree and order 133, and discretizes them in the radial direction on a second-order finite differencing scheme with 160 points non-uniformly distributed in radius. Time-stepping is of second-order, semi implicit type. Angular momentum conservation is controlled at each time step. The model is initialized using a thermochemical perturbation, zero velocity field and an axially dipolar magnetic field. After the time needed for equilibration, the model is integrated over half a magnetic diffusion time.
Rescaling of model dimensionless quantities. Non-dimensional length is rescaled to the dimensional world using the unit length D 5 2,260 km (the depth of Earth's core). Non-dimensional time is rescaled by matching the model secular variation timescale to the geomagnetic secular variation timescale 32 (procedure details in ref. 6 ). As the model magnetic Reynolds number is comparable to the Earth target (Extended Data Table 1 and Supplementary Information), this is roughly similar to matching the model magnetic diffusion timescale to its Earth value. This is also effectively similar to expressing the model viscous diffusion time with an exaggerated fluid turbulent viscosity n 5 2.9 m 2 s
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. The non-dimensional magnetic field is rescaled to the dimensional world by matching the model and Earth predictions obtained with the convective-power based magnetic field scaling 33 (procedure details also in ref. 6). RESEARCH LETTER
